Ovarian cancer survival is poor, in part, because there are no specific biomarkers for early diagnosis. C-Mannosyl tryptophan (CMW) is a structurally unique glycosylated amino acid recently identified as a novel biomarker of renal dysfunction. The present study investigated whether blood CMW is altered in patients with ovarian cancer and whether differences in blood CMW can distinguish benign from malignant ovarian tumors. Plasma samples were obtained from 49 patients with malignant, borderline or benign ovarian tumors as well as from seven age-matched healthy women. CMW was identified and quantified in these samples using ultra-performance liquid chromatography with fluorometry. Plasma CMW was significantly higher in the malignant tumor group than in the borderline and benign tumor groups, and higher in the combined tumor group (malignant, borderline or benign) compared with healthy controls. Receiver operating characteristic curve analysis of plasma CMW distinguished malignant tumors from borderline/benign tumors [area under the curve (AUC)=0.905]. Discrimination performance was greater than that of cancer antigen (CA) 125 (AUC=0.835), and CMW + CA125 combined achieved even greater discrimination (AUC= 0.913, 81.8% sensitivity, 87.5% specificity, 93.1% positive predictive value and 70.0% negative predictive value). Plasma CMW differentiates malignant ovarian cancer from borderline or benign ovarian tumors with high accuracy, and performance is further improved by combined CMW and CA125 measurement.
Introduction
Ovarian cancer remains the most lethal gynecologic disease as it is often diagnosed at an advanced stage, and little progress has been achieved in chemotherapy treatment (1, 2) . Early differential diagnosis and timely treatment are essential because mortality is closely related to disease stage, with 5-year survival dramatically higher when detected in stage I or II (70%) than when detected in stage III (40%) and stage IV (20%) (3) . Imaging modalities such as transvaginal ultrasonography (US), computed tomography (CT), and magnetic resonance imaging are critical for diagnosis and preoperative management because biopsy is not feasible. However, these imaging modalities may be insufficient to provide a correct preoperative diagnosis of malignancy (4) . Alternatively, 18F-fluoro-2-deoxy-D-glucose positron emission tomography combined with CT (FDG-PET/CT) is a highly effective imaging modality for diagnosis and treatment monitoring of ovarian cancer (5) , but is too expensive for routine screening of all patients with pelvic masses. For blood screening of ovarian cancer, cancer antigen 125 (CA125) is the primary diagnostic biomarker for detection of malignancy. However, blood CA125 increases not only in borderline and malignant ovarian tumor patients but also in benign cases and even under certain physiological and pathological conditions such as menses, pregnancy, endometriosis, and peritoneum inflammatory diseases (4, 6) . Efforts have been made to improve early screening and differential diagnosis by combining serum CA125 measurement with transvaginal US, but sensitivity and specificity are still insufficient for reliable prediction of malignancy (4, 7, 8) . Thus, to further improve ovarian cancer survival, additional cancer-specific diagnostic biomarkers are required for more reliable early detection and diagnosis.
C-Mannosyl tryptophan (CMW) is a glycosylated amino acid first isolated from human urine (9) with a unique glycan structure in which an α-mannose is bound to the indole C2 carbon of a Trp residue through a C-C linkage (10) . CMW was also identified in human ribonuclease 2 (RNase2) as a post-translational modification (11) . C-Mannosylation at the first Trp in the consensus amino acid sequence Trp-X-X-Trp/Cys of proteins is catalyzed by a specific C-mannosyltransferase (12, 13) . The genes encoding mammalian C-mannosyltransferase (DPY19L1, L3) were identified based on homology to the Caenorhabditis elegans DPY19 gene (13) (14) (15) . The consensus sequence is frequently C-mannosylated in proteins of the thrombospondin type 1 repeat (TSR) superfamily and type I cytokine receptor family (16) . However, the pathway for generation of the CMW monomer is still unknown.
In regard to human health and protein C-mannosylation, it was reported that blood CMW is elevated in patients with renal dysfunction, including renal diseases associated with type 2 diabetes (17) (18) (19) (20) (21) . As for cancer biology, it was recently reported that C-mannosylation of R-spondin 2 activates Wnt/β-catenin signaling and migration activity in various human tumor cells (22) . This study suggested that C-mannosylation of R-spondin 2 is involved in the promotion of cancer progression. Furthermore, spondin 2 (mindin), a substrate protein for C-mannosylation (23) , is increased in the blood of ovarian cancer patients (24) . These studies suggest that protein C-mannosylation and CMW may be involved in the pathophysiological processes of cancer progression. However, there have been no reports on changes in blood CMW in patients with cancer. Recently, we established a novel CMW assay using ultra-performance liquid chromatography (UPLC) and found that the tissue level of CMW is especially high in mouse ovary, uterus, and testis (25) . Thus, in the present study, we applied our novel assay method to biological samples from ovarian cancer patients to examine the possible utility of CMW for the diagnosis or staging of ovarian cancer.
Materials and methods
Patient selection and sample collection. Patients treated surgically for benign gynecological disease, benign ovarian tumor, borderline ovarian tumor, or malignant ovarian cancer at Wakayama Medical University Hospital from January 2015 to January 2019 were included in this study. The data of age, clinical stage, histological subtype, serum CA125, serum carbohydrate antigen 19-9 (CA19-9), serum creatinine, and maximum cyst diameter were extracted from patients' medical record files and analyzed. To remove the effects of renal function on CMW, patients with renal dysfunction (serum creatinine ≥1.0 mg/dl) were excluded from the study. Histological diagnosis was determined on the basis of standard hematoxylin and eosin (H&E)-stained sections by two or more experienced senior pathologists according to the criteria of the World Health Organization (WHO). Tumor staging was conducted according to the International Federation of Gynecology and Obstetrics (FIGO) classification. Blood samples were obtained from all patients as well as from seven age-matched healthy controls. In addition to pre-treatment plasma samples, post-treatment plasma samples were obtained from three of the advanced malignant cancer patients at the point of interval debulking surgery 28 days after neoadjuvant chemotherapy (NAC) including three cycles of paclitaxel (175 mg/m 2 ) and carboplatin (AUC: 5.0, Calvert's formula). The study was approved by the ethics committee of Wakayama Medical University (authorization number: 1825) and was conducted in accordance with the tenets of the Declaration of Helsinki. All patients in this study provided written informed consent for the use of their plasma and tissue samples.
Materials. The reagents used in the study were obtained from Sigma-Aldrich, Japan, Waters Corporation, or FUJIFILM Wako Pure Chemical Corporation.
Sample preparation for CMW analysis. Blood samples were collected in ethylenediaminetetraacetic acid (EDTA) tubes and centrifuged at 2,000 x g for 10 min to obtain plasma. Ovarian tissue specimens were collected immediately after surgical excision. The samples were frozen and stored at -80˚C until use. For measurement of CMW, the plasma samples were diluted in extraction solution (methanol:acetonitrile:formic acid=50:49.9:0.1) and centrifuged at 12,000 x g for 15 min at 4˚C. The ovarian tissue samples were homogenized in the same extraction solution, and the supernatants were similarly collected. All supernatants were further filtered using a 0.45-µm polyvinylidene difluoride (PVDF) syringe filter before liquid chromatography analysis.
Synthesis of C2-α-C-mannosyl-L-tryptophan. C2-α-Cmannosyl-L-tryptophan (CMW) was synthesized as previously described (26) . The purity and identity of the final product were verified by 1 H NMR spectroscopy and matrix-assisted laser desorption ionization (MALDI) mass spectrometry. The proton chemical shifts and coupling constants were consistent with those reported previously, and the mass on MALDI mass spectrometry was consistent with the expected mass of the correct product.
Ultra-performance liquid chromatography conditions to analyze CMW. CMW in biological samples was analyzed and quantified by chromatographic assay as previously described (25) . The samples were injected into a Waters Acquity UPLC H-Class system (Waters Corporation) equipped with an Acquity UPLC BEH Amide column, photodiode array detector, fluorescence detector. CMW was quantified as described (25) by measuring the fluorescence (excitation at 285 nm/emission at 350 nm) or mass abundance (m/z value of 367. 15 [M+H] + for CMW). Empower 3 software was used to collect and process data.
Chemically synthesized CMW was used as a standard compound in the assays. The detection limit of CMW based on the measured fluorescence was 2 nM. Extraction recovery rates were evaluated by comparing plasma and ovary tissue samples prepared as described to samples including a known amount of CMW. The extraction recovery rate of plasma CMW detected by fluorescence was 90.9%.
Statistical analysis. Statistical analyses were performed using JMP Pro version 13.1.0 for Windows (SAS Institute Inc.). Statistical comparisons between the groups were performed using the Spearman's rank correlation coefficient, the Kruskal-Wallis test, the Steel-Dwass test, or Mann-Whitney U test as appropriate. P<0.05 (two-tailed) was considered significant for all tests. Receiver operating characteristic (ROC) curves were constructed, and area under the curve (AUC) were calculated to evaluate the utility of CMW, CA125, and combined CMW + CA125 to discriminate among borderline ovarian tumor, malignant ovarian cancer, and benign ovarian tumor. We developed a CMW + CA125 combined prediction model based on logistic regression with the best subset selection method. The ROC curves were also used to determine the best cut-off value for CMW, CA125, and CMW + CA125 combined, which was defined as the point situated farthest from the reference line. According to these cut-off values, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated.
Results
Clinical characteristics of study cohort. The characteristics of the patients are shown in Table 1 . Plasma samples were obtained from seven age-matched healthy women (used as normal controls), eight patients with benign ovarian tumor, eight with borderline ovarian tumor, and 33 patients with malignant ovarian cancer. There were no significant differences in age, serum creatinine, and maximum cyst diameter among the plasma sample groups.
Surgically resected ovarian tissue samples were also obtained from nine patients with other benign gynecological diseases (used as normal controls), 16 patients with benign ovarian tumors, 16 with borderline ovarian tumors, and 20 patients with malignant ovarian cancer ( Table 1) .
Detection and quantification of CMW in human sample. Plasma and tissue CMW was detected and quantified using UPLC with fluorescence intensity as described in Materials and Methods. The human plasma samples from controls and patients were separated by Hydrophilic Interaction Liquid Chromatography (HILIC), and CMW (arrow in Fig. 1A ) was detected by monitoring the fluorescence (excitation at 285 nm/emission at 350 nm). The typical elution pattern of CMW is shown in Fig. 1A . CMW was detected as the main fluorescence peak at 5.2 min. The target peak was further confirmed as CMW by adding chemically synthesized CMW (26) (Sample + CMW in Fig. 1A ) to a subset of samples. The mass of the target peak was confirmed as CMW by mass spectrometry (m/z value of 367. 15 [M+H] + ) in a part of the samples. The mass abundance was also measured (data not shown). The amount of CMW was quantified in the biological samples using a calibration curve constructed from chemically synthesized CMW as described previously (25) . In ovarian tissue samples (20 malignant, 16 borderline, 16 benign, and 9 normal), there were no significant differences in tissue CMW among each of the groups (P=0.972; Fig. 1B ).
Comparison of plasma CMW and serum CA125 among malignant, borderline, and benign tumors.
The plasma CMW and serum CA125 levels for all 49 patients with malignant, borderline, or benign tumors as well as seven healthy normal controls are shown in Fig. 2 . Plasma CMW was significantly higher in the malignant (median: 333.6 nM), borderline (median: 208.5 nM), and benign (median: 174.9 nM) tumor groups compared to the normal control group (median: 148.1 nM; Fig. 2A ) and significantly higher in the malignant tumor group than the borderline and benign tumor groups. Serum CA125 also differed significantly among the three tumor groups ( Fig. 2B) but was not correlated with plasma CMW (Fig. 2C ). In the malignant tumor group, there were no significant differences in plasma CMW (Fig. 2D ) or serum CA125 ( Fig. 2E ) among FIGO stages. There was also no correlation between plasma CMW and serum CA125 in the malignant tumor group (Fig. 2F ).
Diagnostic performance of plasma CMW among malignant, borderline, and benign tumors. ROC curves of plasma CMW and serum CA125 were generated to assess the utility of these markers to discriminate among patients with malignant ovarian cancer, borderline ovarian tumor, and benign ovarian tumor (Fig. 3) . To distinguish malignant/borderline tumors from benign tumors, different cut-off levels of CMW, CA125, and CMW + CA125 combined [prediction model; diagnostic index=(0.047) x CMW + (0.013) x CA125-9.656] were evaluated ( Fig. 3A-C) . Both CMW and CA125 demonstrated reasonable accuracy for distinguishing malignant/borderline from benign tumors (CMW: AUC=0.927, 82.9% sensitivity, 100.0% specificity, 100.0% PPV, and 53.3% NPV; CA125: AUC=0.924, 97.6% sensitivity, 75.0% specificity, 95.2% PPV, and 85.7% NPV). However, the combination of both markers yielded a higher AUC (0.957, 82.9% sensitivity, 100.0% specificity, 100.0% PPV, and 53.3% NPV; P<0.05; Fig. 3A-C) . A similar analysis was conducted to examined the efficacy of these markers for distinguishing malignant tumors from borderline/benign tumors with different cut-off levels of CMW, CA125, and CMW + CA125 combined [prediction model; diagnostic index=(0.022) x CMW + (0.001) x CA125-5.376] (Fig. 3D-F) . Although the AUC values of both CMW and CA125 were lower (CMW: AUC=0.905, 93.9% sensitivity, 81.3% specificity, 91.2% PPV, and 86.7% NPV; CA125: AUC=0.835, 69.7% sensitivity, 93.3% specificity, 95.8% PPV, and 60.0% NPV), the AUC of CMW + CA125 was still 0.913 (81.8% sensitivity, 87.5% specificity, 93.1% PPV, and 70.0% NPV; P<0.05; Fig. 3D-F) . Finally, the same methodology was used to assess if these markers alone and combined can distinguish malignant tumors from borderline tumors [prediction model; diagnostic index=(0.015) x CMW + (0.001) x CA125-3.036] ( Fig. 3G-I) . Although the AUCs of CMW and CA125 were even lower (CMW: AUC=0.826, 93.9% sensitivity, 62.5% specificity, 91.2% PPV, and 71.4% NPV; CA125: AUC=0.735, 69.7% sensitivity, 87.5% specificity, 95.8% PPV, and 41.2% NPV), the combination still demonstrated superior discrimination performance (AUC=0.845, 81.8% sensitivity, 75.0% specificity, 93.1% PPV, and 50.0% NPV; P<0.05; Fig. 3G-I) .
Plasma CMW monitoring for assessing the treatment response. In three ovarian cancer patients, plasma CMW and CA125 were measured from both pre-NAC and post-NAC plasma samples to assess the potential for assessment of treatment response (Fig. 4) . In NAC-sensitive case 1 (Fig. 4A ; serous carcinoma stage III), the sum of the longest diameters (SLD) of the tumor decreased from 21 to 9 cm, and the CA125 level decreased from 8275 to 52.9 U/ml. After surgery, the CA125 level further decreased to 47.2 U/ml. In the plasma samples obtained at the same time points, CMW decreased from 236.9 nM pre-NAC to 223.3 nM post-NAC and then further to 170.8 nM post-surgery. In NAC-sensitive case 2 ( Fig. 4B ; serous carcinoma stage IV), the SLD of the tumor decreased from 14 to 11 cm, and the CA125 level decreased from 540.2 to 125.7 U/ml. In the plasma samples, CMW decreased from 344.4 nM pre-NAC to 187.9 nM post-NAC. In NAC-resistant case 3 ( Fig. 4C ; 
Discussion
To the best of our knowledge, this is the first study demonstrating the feasibility of measuring plasma CMW using UPLC to differentiate malignant ovarian cancer from borderline or benign tumors. Indeed, the plasma CMW identified pathologically confirmed malignant ovarian cancer with high sensitivity and specificity, and the combination of plasma CMW with serum CA125 demonstrated even better diagnostic performance than either marker alone. Plasma CMW, alone or in combination with CA125, may allow for early non-invasive screening of ovarian cancer. Ovarian cancer is often diagnosed at an advanced stage when standard chemotherapies are generally much less effective (1) . Although there are several new therapeutic strategies that can be used to treat some cases of ovarian cancer, including targeted therapy involving the vascular endothelial growth factor inhibitor bevacizumab and the poly-(ADP-ribose) polymerase inhibitor olaparib (27, 28) , ovarian cancer is still responsible for the majority of gynecological cancer-related deaths (2) . Thus, new treatment strategies, including novel approaches for early diagnosis, tumor monitoring, and tumor targeting, are needed to improve prognosis. Blood biomarkers are attractive for disease screening because they can provide useful information rapidly and cost-effectively without invasive procedures. Serum CA125 is currently considered the most reliable marker to detect epithelial ovarian cancers (29) and a predictor of treatment efficacy (30) . Although CA125 has been used as a single biomarker for ovarian cancer (31, 32) , its specificity is limited. Indeed, a recent large-scale randomized controlled trial assessing the current optimal screening method, CA125 measurement and US, found insignificant mortality reduction (8) , underscoring the need for alternative strategies that can detect ovarian cancer at an early stage as well as in asymptomatic women.
Aberrant glycosylation is known to be involved in the pathophysiology of malignancy, and several glycosylated compounds are currently used as biomarkers for cancer diagnosis and prognosis (33) . In ovarian cancer, specific changes in glycosylation have been detected in tissue samples (34) and blood samples (35) . In this study, we focused on a unique form of post-translational glycosylation, C-mannosylation.
The monomeric form of C-mannosylated tryptophan (CMW) is found in human blood and urine (9, 18) . In contrast to the enzymatic pathway producing C-mannosylated Trp in proteins (12, 13, 15) , the metabolic pathway producing monomeric CMW in the cell has yet to be identified. Takahira et al (18) reported that CMW in blood could be a reliable biomarker for renal dysfunction, and several subsequent reports supported the utility of CMW as a diagnostic marker of renal damage (17) (18) (19) (20) (21) . In addition, metabolomic profiling revealed that CMW in fasting blood is correlated with age and aging traits, such as lung function and bone mineral density (36) . Lustgarten et al (37) also reported that CMW is a specific metabolite associated with elevated inflammation in older adults. In a serum metabolic profiling study of all-cause human mortality, CMW showed a statistically significant association with cardiovascular disease mortality (38) . These findings demonstrate that blood CMW concentration could be a useful multi-functional biomarker for health and disease. Consistent with this notion, plasma CMW differentiated ovarian cancer from borderline or benign tumor with high sensitivity and specificity ( Fig. 2A) and performed even better when combined with serum CA125 (Fig. 3 ). Furthermore, CA125 and CMW were uncorrelated (Fig. 2F) , supporting the usefulness of combined evaluation for malignant ovarian cancer patients. High levels of CMW and CA125 in malignant ovarian cancer patients were also reduced following NAC and surgery (Fig. 4A, B ) but further increased in a patient unresponsive to NAC (Fig. 4C ). In this study, the tissue CMW status was not examined because the tissue samples were not available for the assays. Although no significant difference in tissue CMW status was observed between normal and cancerous ovarian tissues (Fig. 1B) , further investigation for the tissue CMW status should be required to clarify the mechanism to affect the blood CMW status of cancer patients during NAC treatment. Furthermore, there have been no reports discussing on the half-life period of CMW in blood, and it was not clear whether the timing of the blood collection affects the tumor-related upregulation of blood CMW status in the patients. Thus, further investigation including basic researches is needed to clarify how the half-life period of CMW in blood is affected during the clinical treatment such as NAC. Together, these results suggest that measuring blood CMW could be a reliable approach to ovarian cancer diagnosis and prognosis. However, large-scale studies are required for confirmation and assessment of the utility of CMW measurement for distinguishing among malignant ovarian tumors of different histological subtypes and stages.
In our recent study, we examined the level of CMW in the blood and urine of C57BL/6 mice at 10 weeks (n=5), and found that the concentration is apparently higher in urine (30.7±10.2 µM) than in plasma (0.099 ± 0.017 µM), suggesting that CMW is highly excreted from the blood to urine in the kidney. We also found that CMW clearance was positively correlated with the creatinine clearance in normal and KK-Ay diabetic mice at 16 weeks (25) . These results seem to be consistent with previous findings demonstrating that CMW is a possible marker to assess renal function in humans (17-21). As described above, urinary CMW is easy to measure because of its high excretion in urine, but the level may fluctuate in different urination conditions, such as polyuria and oliguria. By means of urinary CMW, a method to estimate the change of CMW in the whole body has yet to be established. Although patients with renal dysfunction were not included in this study, we actually observed high levels of plasma CMW in the patients with renal diseases (data not shown). Therefore, in this study, we focused on measuring CMW in blood rather than urine to assess the ovarian cancer patients. It is noteworthy that renal dysfunction can affect clinical assessment of CMW for ovarian cancer patients. Thus, further studies are also required for the assessment of the utility of CMW measurement to distinguish between ovarian tumors and other pathological conditions.
In ovarian cancer cells, upregulated indoleamine 2,3-dioxygenase, a critical enzyme of the kynurenine pathway, likely contributes to a decrease in Trp, resulting in immune tolerance by suppressing immune cell functions (39) . Furthermore, serum Trp is significantly reduced in ovarian cancer patients compared to controls, suggesting that Trp metabolism is accelerated (40) . Thus, it would be valuable to know whether these metabolic pathways are related to the metabolic regulation of CMW. However, no significant differences in CMW were detected between normal and cancerous ovarian tissues (Fig. 1B) , indicating that increased blood CMW in ovarian tumor patients is not due simply to egress from cancer tissues and suggesting that other mechanisms related to cellular excretion or trafficking of CMW may be involved in the blood CMW elevation among ovarian cancer patients. We are currently conducting in vitro experiments using ovarian cancer cell lines to clarify the regulatory mechanisms responsible for the CMW increase in the blood of ovarian cancer patients. Moreover, it is of interest to know whether blood CMW has any specific biological function in the tumor cells or normal tissues of ovarian cancer patients.
Collectively, the present study demonstrates the feasibility of using blood CMW as a biomarker to detect ovarian malignant tumors. Further studies are warranted to confirm the utility of blood CMW for early diagnosis, staging, and treatment response.
